Purpose: To determine in vitro whether titanium is superior in corneal cell compatibility to standard polymethyl-methacrylate (PMMA) for the Boston Keratoprosthesis (KPro).
INTRODUCTION
The Boston Keratoprosthesis (KPro) has continuously evolved over the past decade, with fewer complications and increasingly impressive results. [1] [2] [3] This KPro is shaped as a collar-button and is made of polymethyl-methacrylate (PMMA). In 1992, it was approved by the Food and Drug Administration for marketing in the United States. It has since been primarily indicated for repeated graft failures, owing to the remarkably poor outcomes observed in patients with repeated corneal grafts. 4 Design modifications and analyses of clinical outcomes have resulted in further optimizations of the Boston KPro. Among the modifications has been a backplate that snaps into place over the stem compared to the previous screw-on threaded models. Most recently, backplates have been machined out of titanium instead of conventional medical-grade PMMA. Use of titanium as a biomaterial is well established in orthopedic and dental prosthetics, attributable to its low density, relatively low-elastic (Young's) modulus, superior biocompatibility, and enhanced corrosion resistance when compared to more traditional materials. 5, 6 Regardless of whether a backplate is PMMA or titanium, it is held in place with a titanium locking ring, exposing several corneal cell types to the material.
Although relatively benign, the tendency for KPro patients with a history of multiple operations to develop inflammation, retroprosthetic membranes (RPMs), and cellular debris (fibrin, collagen, etc.) within and around the PMMA backplate has been noted clinically. The formation of RPMs often leads to a need for repeated YAG-laser treatments, and the resulting fluctuant vision is often disconcerting for patients. More serious complications are rare but can occur, including retinal sequelae (eg, epiretinal membranes, cystoid macular edema, and even retinal detachment) or damage to the adjacent corneal tissues, leading to melt. Clinical impressions notwithstanding, no specific data exist comparing biomaterials for corneal prosthetics, particularly for the Boston KPro. Furthermore, it is unclear whether monomeric elements, cleaning or machining residues, or other toxic substances exude from the materials and consequently interact with corneal cells. [7] [8] [9] Although the KPro backplates are in contact with the endothelium and are the first components of the KPro being tested as titanium, all the layers of the cornea have demonstrated clinical sequelae with the PMMA-only version. For example, neovascularization, retraction, necrosis, and melt have been observed around the KPro stem and at the surface epithelium. 10, 11 Titanium sheaths and other adaptations are being considered for the other parts of the Boston KPro, where they would be in contact with fibroblasts and epithelium. A readily available, well-characterized cell line, Human Corneal Limbal Epithelial (HCLE) cells, would provide us with important information about biomaterials and their effect on corneal physiology. The purpose of this experiment was, therefore, to determine whether titanium is superior with respect to corneal epithelial cell compatibility and proliferation to PMMA for the Boston KPro.
MATERIALS AND METHODS

Cell Line
Immortalized HCLE cells were maintained at 37°C at 5% CO 2 and grown as previously reported. 12 Briefly, HCLE cultures were grown in keratinocyte serum-free medium (K-SFM; Invitrogen, Carlsbad, CA) to prespecified timepoints, the final timepoint being confluence.
Experimental Design
Corneal cell compatibility with candidate ophthalmic device materials has been previously assayed using in vitro experiments in which cells are cultured either in direct contact with materials or in material-conditioned media. [13] [14] [15] [16] [17] [18] For studies reported here, HCLE cells were plated at equivalent cell density in wells containing a titanium disc, a PMMA disc, or no disc (controls). The discs, which were prepared per the normal KPro cleaning and manufacturing protocol, 13 were similar in size and dimension to the KPro backplates. HCLE cells were cultured for 24, 48, 72, 96, 120, 144, or 168 hours. To determine if a soluble, toxic factor was being emitted from the materials, a concurrent experiment was performed at 48 and 144 hours, placing the discs in Transwell Permeable Supports (3.0-mm pore size; CoStar, Corning, NY), with the HCLE cells plated beneath. The number of viable cells per well for all experiments was quantified at each timepoint, using Cell Titer 96 AQueous One Solution Proliferation Assay (Promega, Madison, WI), which assays dehydrogenase enzymes in metabolically active cells. To determine if cell proliferation was being delayed by cell death, a similar experiment was conducted by measuring HCLE cell death in control, PMMA, and titanium conditions at the same 7 timepoints. Cell death was quantified at each timepoint by using the Cytotox 96 nonradioactive cytotoxicity assay (Promega), which assays lactate dehydrogenase (LDH) that is released into culture media upon cell death. All experiments were done in triplicate and repeated for a final sample number of 6.
To further assess the validity of using Transwell culture as a test for a soluble toxic factor, media (K-SFM) were collected after either a 48-hour incubation with PMMA or titanium discs or media alone (control) (n = 5). The 48-hour timepoint was used because observations from earlier experiments indicated that the greatest HCLE cell death occurred during the initial 48 hours of plating. The disc-conditioned media were used to feed the HCLE cells after an initial 24 hours of culture.
The Cytotox 96 cytotoxicity assay was run on media taken after an initial 24 hours of culture (controls) and then again on disc-conditioned media taken at 48 hours from the same cultures.
Statistical Analyses
A repeated measures ANOVA with SAS version 9.1 was used to determine the effects of material over time on HCLE cell proliferation. P , 0.05 was considered statistically significant.
RESULTS
HCLE cell proliferation in wells with either titanium or PMMA discs was delayed and was less than that observed in control wells. The effect on cell proliferation of exposure of epithelial cells to the two disc types or non-disc cultured controls was statistically significant (P , 0.001) by repeated measures ANOVA; the most proliferation was seen in the control group, followed by that in the titanium group, and finally the PMMA group. Mean proliferation 6 SD and exponential trend lines are illustrated in Figure 1 . Cell proliferation in the wells with titanium discs was greater than in those with PMMA discs up to the 120-hour timepoint (P , 0.01). At 144 hours, this difference lost significance (P = 0.5917). Actual values for HCLE cell proliferation are given as percent of control 6 SD percent in Table 1 . The results from the Transwell experiment designed to determine if a soluble factor from the discs impeded cell proliferation are shown in Figure 2 . HCLE cells grown in Transwell culture with the discs in the upper chamber did not demonstrate a significant difference in proliferation irrespective of the conditions (control, PMMA, or titanium) at 48 or 144 hours (P = 0.9905 and P = 0.9836, respectively).
HCLE cell death was measured with a Promega cytotoxicity assay over 7 timepoints for each of the experimental conditions. Exponential trend lines in addition to mean data 6 SD are shown in Figure 3 . HCLE cell death in wells with PMMA occurred earlier and was greater than in wells of either the control or the titanium group. A repeated measures ANOVA indicated a significant overall effect for material over time for HCLE cell death (P , 0.0025). HCLE cell death did occur in both the control and titanium groups, but to a lesser degree than that in the PMMA group. Difference in HCLE cell death over time between PMMA and titanium was also statistically significant (P = 0.0043), whereas the difference in death over time between titanium and control was not (P = 0.42).
In all experiments, HCLE cells in the control group reached confluence on average at 144 6 18 hours, whereas HCLE cells in the PMMA and titanium groups were delayed, reaching confluence on average at 212 6 18 hours and 172 6 18 hours, respectively.
As a second assay to determine if a soluble factor eluting from the discs induced cell death, cells were cultured with disc-conditioned media (Figure 4) . Differences in HCLE cell death among the control, PMMA-conditioned, and titanium-conditioned wells were not significant at 48 hours (P = 0.36), corroborating the co-culture experiments using the Transwell plate.
DISCUSSION
The purpose of this study was to determine whether titanium demonstrated corneal cell compatibility superior to that of conventional PMMA for the Boston Keratoprosthesis (KPro). For this purpose, machined PMMA and titanium discs were prepared using the same specifications and cleaning protocols used with the KPro. HCLE cell proliferation with titanium discs was found to be superior to that with PMMA discs, and proliferation in control wells was superior to that in either of the disc-conditioned wells. Furthermore, results from both Transwell and conditioned-media experiments suggest that differences in growth are not attributable to a soluble toxic factor. It appears, therefore, that the machining and cleaning of the devices are effective and that no residues from either of the processes are a factor. It remains unknown whether increases in HCLE cell death on PMMA discs are due to surface contact issues, electrostatic forces, monomeric components, or some undetermined characteristic of the materials. It is clear, however, that the effect is contact-associated; in Transwell and discconditioned cultures, decreased proliferation and increased cell death are not evident, respectively. PMMA and titanium have been used for dental and orthopedic prosthetics for decades. 5, 6, [19] [20] [21] [22] PMMA is often lauded for its ability to be molded, whereas titanium is noted for its low density and enhanced corrosion resistance. 5 However, there have been few studies comparing the two biomaterials. One, a randomized, controlled study by Schröder et al, investigated the vertebral fusion rates and clinical outcomes, comparing PMMA to titanium in their roles as nonautologous, interbody fusion materials. 23 Their findings were consistent with the results presented in this paper. Where we found that titanium was superior to PMMA in terms of corneal epithelial cell compatibility, the Schröder et al study found titanium superior to PMMA with respect to vertebral fusion rate. They also concluded that this difference was inconsequential, however, because no benefit with titanium was observed with respect to the clinical outcome. A second study sought to evaluate the biocompatibility of carbon and titanium surface modified, PMMA Intraocular Lens (IOL) in a pseudophakic rabbit model. 24 In this study, white blood cell concentration in the aqueous humor was significantly lower in the carbon and titanium IOL-implanted eyes compared with PMMA IOL-implanted eyes. They also found that the exudate levels in the anterior ocular chamber and the posterior synechias were significantly lower in the titanium group alone. To the authors' knowledge, there are no published papers reporting titanium's superiority to PMMA as a biomaterial in the cornea.
There are two limitations to the study. First, it is an indirect in vitro measure of biocompatibility; therefore, the results cannot be extrapolated directly to the patient population. Second, as alluded to above, the KPro backplate is currently the only component machined out of titanium and is in contact with the endothelium in vivo, not the epithelium, as measured here. Large numbers of cell culture experiments were needed for this study, requiring immortalized cell lines. Immortalized HCLE cells are readily available for research, whereas endothelial cells are not, making endothelial assay not feasible. Furthermore, the applications for titanium use in other components of the KPro are being considered, in which epithelium and stromal cells will be in contact with the material. Data from the epithelial cell culture are relevant to other cell types because the toxicity and proliferation assays are employed universally for all cell types.
The findings reported in this study may have important clinical implications for the Boston KPro and may support the move towards titanium backplates in patients or feasibly a titanium sheath around areas that are in contact with the epithelium (the front plate and stem). Prospective in vivo analyses of the two KPro biomaterials, with the potential for other surfaces as well, are being conducted.
